Introduction
Development of treatment-induced motor complications constitutes a major problem in the long-term management of patients suffering from Parkinson's disease. Particularly, L-Dopa-induced dyskinesias (LIDs), also known as abnormal involuntary movements, pose a significant challenge. Most Parkinson's disease patients develop dyskinesia within a decade from onset of treatment (Tambasco et al., 2012) . Despite the clinical importance of this side effect, the mechanisms underlying the generation of LIDs are not fully understood, although there are data to suggest it is the degree of dopamine loss, and the dose of L-Dopa, rather than the length of L-Dopa treatment, that correlates to the development and severity of dyskinesia (Cilia et al., 2014) . Animal models using selective neurotoxins to unilaterally mimic the selective loss of substantia nigra neurons typical of Parkinson's disease, and have been used to assess LIDs (Lundblad et al., 2004; Francardo et al., 2011; Winkler et al., 2002) and the efficacy of standard and novel therapeutic treatments. Several models based on genes implicated in the pathogenesis of familial Parkinson's disease (e.g., α-synuclein and parkin) have been developed over the last decade (Le et al., 2014) . Although these animal models display important characteristics of Parkinson's disease, including dystrophic neurites, neuronal atrophy, and intracellular inclusions, degeneration of the nigrostriatal DA system has been variable (Le et al., 2014) . There is thus a need for additional genetic models of Parkinson's disease that carry hallmark features in the basal ganglia, such as slow progressive, robust bilateral degeneration of the nigrostriatal DA system, accompanied by a gradual motor impairment, responsiveness to Parkinson's disease medications (e.g., DA agonists and L-Dopa), and associated development of dyskinesias.
MitoPark mice mimic the progression of Parkinson's disease in humans, with adult onset and slowly progressing neurological symptoms (Ekstrand et al., 2007) . The MitoPark mouse has a homozygous disruption of mitochondrial transcription factor A (TFAM) selectively in midbrain DA neurons, leading to mitochondrial dysfunction and gradual degeneration of DA neurons. While the MitoPark mouse may not be directly suitable to study the etiology of Parkinson's disease, as there are almost no indications of TFAM polymorphisms being linked to Parkinson's disease, the MitoPark mouse does model mitochondrial failure, strongly implicated as one common genetic denominator in Parkinson's disease pathology (Ekstrand et al., 2007; Galter et al., 2010) . The MitoPark phenotype results in uniform and progressive loss of DA afferents in areas of the basal ganglia, starting in early adulthood, in which nigrostriatal dopaminergic projections innervating the dorsal striatum are strongly affected, while mesolimbic dopaminergic projections innervating the ventral striatum are relatively spared (Ekstrand et al., 2007; Galter et al., 2010) . This pattern of progressive DA neuron loss recapitulates the gradual degeneration of DA projections and associated motor symptoms typical of Parkinson's disease in humans. The slow bilateral time course of nigrostriatal degeneration in MitoPark animals, over weeks to months, compared with the days to weeks time of neurodegeneration in most toxin models also allows study of the major risk factor for idiopathic Parkinson's disease-age. Our genetic model also provides greater uniformity of animals with respect to degree of DA degeneration, compared to toxin models. Additionally, MitoPark mice are responsive to L-Dopa therapy with a differential response depending on disease stage (Galter et al., 2010; Gellhaar et al., 2015) . Here we show behavioral evidence of striatal neuroplasticity in response to denervation of dopaminergic afferents, as well as in response to chronic L-Dopa treatment. As severity of Parkinson's disease has been recognized as a risk factor for LIDs in humans (Schrag et al. 2003; Schrag and Quinn, 2000; Kostic et al., 1991; Kumar et al., 2005) , we used the mouse model to test whether involuntary movements in response to chronic L-Dopa treatment was dependent on length of treatment, or degree of degeneration. Our results suggest that the MitoPark mouse may provide a preclinical model to study circuitrelated questions, and to probe therapeutic treatments in relation to the formation of LIDs. Our results support the current view that delaying the onset of L-Dopa treatment does not delay development of LIDs.
A recent paper (Gellhaar, et al., 2015) came to similar conclusions about the relationship of development of hyperactivity and dyskinesia to the age of MitoPark mice and therefore degree of DA loss, rather than duration of L-Dopa treatment. There are some differences between this paper and the current study. The MitoPark mice used here had an internal ribosome entry sequence to drive cre recombinase from the 3 0 untranslated region of the endogenous DAT gene, minimizing any effects on DAT mRNA formation. In addition, we used measurement of DA and metabolites by HPLC, rather than tyrosine hydroxylase immunocytochemistry, to document the age related DA loss. Finally, we also used array analysis to investigate striatal mRNA encoding relevant neurotransmittor receptors to monitor changes which accompany the dyskinetic/hyperactivity behavior in these mice.
Results

Assessment of DA depletion in the striatum of MitoPark mice
Neurochemical studies in dorsal striatum from MitoPark and WT mice at 20-and 28 weeks of age points confirmed here the progressive DA neuron loss previously observed in substantia nigra and the striatal DA depletion in MitoPark mice (Ekstrand et al., 2007; Ekstrand and Galter, 2009) , and showed significant loss of DA and DOPAC in the dorsal striatum compared to WT animals ( Fig. 1) . Previous studies have shown a progressive loss of striatal dopamine in MitoPark mice starting at 12 weeks of age, and continuing until 40 weeks of age (Ekstrand et al., 2007; Ekstrand and Galter, 2009) . In this study, a further significant decline in DOPAC levels was observed in 28-week old MitoPark mice, compared to 20-week old MitoPark mice. DA levels were also significantly decreased in 28-week old, compared to 20-week old, MitoPark mice (Fig. 1) 
L-Dopa induced locomotor behavior
Oral intake of the DA precursor L-Dopa elicits therapeutic relief in Parkinson's disease patients by restoring extracellular DA levels within the dorsal striatum. However, unlike physiological DA transmission, this therapeutic regimen is thought to lead to abnormal peaks of non-synaptic DA, which over time trigger behavioral sensitization, eventually manifested as abnormal involuntary movements (Iravani et al., 2012) . In this study we followed the pattern of horizontal locomotor activity in MitoPark mice and age-matched controls through chronic L-Dopa treatment. There was little overall movement and no LIDs in 20 week old MitoPark mice prior to L-Dopa administration. MitoPark mice in both age groups (20-and 28-week old) developed sensitization to L-Dopa treatment (Figs. 2 and 3) . Interestingly, the initial and subsequent response to L-Dopa differed between the two age groups. Twenty eight week old parkinsonian mice showed an increased sensitivity to initial L-Dopa administration ( Fig. 3) , as the latency to reach L-Dopa peak activity decreased in this age group, and total duration of the response to L-Dopa increased when compared to 20-week old MitoPark mice (Fig. 2 ). This trend continued throughout treatment, suggesting that the continuous degeneration of DA terminals plays an important role in modeling adaptations in the brain that ultimately result in very different behavioral responses depending on the stage of the disease at initiation of L-Dopa treatment.
Abnormal Involuntary movements
Development of L-Dopa induced dyskinesias correlated well with locomotor activity data. Twenty-week old MitoPark mice showed a very low incidence of LIDs at the initial stages of L-Dopa treatment ( 
Striatal neurotransmitter receptor mRNA expression in 28-week old Mitopark mice
Behavioral results from 20-and 28-week old MitoPark mice treated with L-Dopa, shown above, suggest that changes in the basal ganglia as a result of the progressive loss of DA neurons may be related to susceptibility to L-Dopa induced dyskinesias in MitoPark mice. As 28-week old MitoPark mice developed severe LIDs after acute treatment with L-Dopa, real-time quantitative PCR analyses were performed in striatal tissue to determine mRNA expression levels for various neurotransmitter receptor families, as compared to agedmatched WT controls. Progressive dopamine neuron degeneration resulted in significant alterations in the expression of mRNA species encoding neurotransmitter receptors in striatum in 28-week old naïve MitoPark mice, as compared to controls. Such alterations included dopaminergic, glutamatergic, gabaergic, cholinergic and serotonergic neurotransmitter receptors (Table 1) . As 28-week Mitopark mice are particularly susceptible to developing L-Dopa induced dyskinesias, dysregulation of these neurotransmitter systems may contribute to the increased susceptibility to LIDs.
Discussion
A prerequisite for the development of L-Dopa induced dyskinesias appears to be the loss of dopamine nerve cells in substantia nigra and of DA nerve terminals in striatum. The rapid emergence of dyskinesia in Parkinson's disease patients with late diagnosis or a young onset, where denervation is extensive at diagnosis, and the absence of dyskinesia in normal humans chronically treated with L-Dopa (i.e., mistaken diagnosis) support this conjecture (Jankovic et al., 2000; Kumar et al., 2005; Schrag and Quinn, 2000) . Chronic stimulation of the denervated striatum via the dopamine precursor, L-Dopa, induces a process of sensitization that modifies the response to subsequent dopaminergic treatments (Nadjar et al., 2009 ). This process, called priming, is associated with changes in receptors for DA and other neurotransmitters and may play a role in the development of neuronal maladaptations and motor complications in humans. As data from Parkinson's disease patients suggest a close relationship between priming, the development of LIDs in response to treatment, and the level of DA loss in striatum (Nadjar et al., 2009) , it is of importance to develop a preclinical animal model that recapitulates this aspect of the disease. Using a parkinsonian mouse model, the MitoPark mouse, we show that the interaction of L-Dopa with the denervated basal ganglia is quite different depending on disease progression at the time of treatment. These findings support both previous experimental work (Francardo et al., 2011; Lundblad et al., 2004; Winkler et al., 2002) and clinical observations (Cilia et al., 2014) .
To establish the MitoPark mouse as a preclinical animal model to study the mechanisms and neuronal adaptations occurring in the basal ganglia in response to DA replacement therapy, and that eventually lead to the formation of LIDs, it is important to first demonstrate that this model recapitulates some of the events associated with dyskinesias in humans. The MitoPark genotype results in progressive loss of DA afferents that spans several months. Starting at 12 weeks of age MitoPark mice show decreased locomotion in the open field. By 20 weeks of age, they have lost 60-70% of their DA neurons in the SN and the decline in locomotor activity is substantial (Ekstrand et al., 2007; Galter et al., 2010; Good et al., 2011) . As in humans suffering from Parkinson's disease, this motoric decline can be reversed by treatment with the DA precursor L-Dopa (Ekstrand et al., 2007; Ekstrand and Galter, 2009; Galter et al., 2010) . From this point on, motor deficits progress, along with loss of fine motor skills. This eventually prevents MitoPark mice from eating and grooming properly, and leads to a decline in their quality of life reminiscent of the situation for Parkinson's disease patients before L-Dopa became a treatment option (Ekstrand et al., 2007) . By 33 weeks of age MitoPark mice have lost 70-80% of the nigral DA neurons, and present advanced parkinsonian symptoms (Ekstrand et al., 2007; Ekstrand and Galter, 2009; Galter et al., 2010) . Also, as shown here by PCR arrays, the state of neurotransmitter dynamics in the striatum of 28 week old MitoPark mice has fundamentally changed. Severe loss of DA afferents in striatum of 28-week old MitoPark mice causes significant changes in the mRNA expression pattern for DA, GABA, glutamatergic, serotonergic and cholinergic receptors. We therefore hypothesized that L-Dopa induced dyskinesia would be significantly accelerated in MitoPark animals with advanced DA degeneration (28-week old), as compared to animals with less advanced DA loss (20-week old). Interestingly, the duration and peak response to acute LDopa treatment was significantly enhanced in MitoPark mice with severe DA depletion, suggesting that older MitoPark mice with more advanced Parkinson's disease symptoms sensitize more rapidly to DA replacement therapy. These data correlated well with the development of LIDs. While all 28-week MitoPark mice showed severe dyskinesias after the first L-Dopa injection, 20-week old MitoPark mice did not develop such severe dyskinetic movements until 4-5 weeks after chronic L-Dopa treatment.
Recent literature underscores the relevance of the PCR array data, reported here, that DA degeneration modified the expression of a multitude of neurotransmitter receptors in 28-week old MitoPark mice, as compared to controls. For example, 28-week old MitoPark mice showed a significant dysregulation of many glutamatergic receptor units (of 19 investigated levels of glutamate receptor mRNA species, 8 were significantly decreased, while 3 were significantly increased). Recent studies have shown the value of NMDA receptor blockade in humans to treat the development of LIDs. A study in advanced Parkinson's disease patients showed that amantadine reduced dyskinesia severity and improved motor fluctuations in L-Dopa treated individuals (Verhagen et al., 1998) . Furthermore, a Phase IIb study showed that patients with moderate to severe Parkinson's disease showed significant improvement in dyskinesia severity after treatment with AFQ056, a potent selective mGluR5 inhibitor (Stocchi et al., 2013) . We also found significant changes in mRNA expression for cholinergic receptors in striatum of 28-week old MitoPark mice. A study using Pitx-3 deficient aphakia mice has shown that chronic L-Dopa induces ERK activation in striatal cholinergic interneurons, Fig. 3 -Acute (A) and chronic (B and C) L-Dopa induced locomotor behavior in 28-week old MitoPark and control mice. Horizontal locomotor activity is plotted in 10 min increments. L-Dopa injections were given after 60 min of baseline recordings, and recordings continued for 2 additional hours (grey box). MitoPark and control mice received the initial L-Dopa injection at 28 weeks of age (A), and continued to receive daily L-Dopa injections for 2 weeks until 30-weeks of age (C). Control mice did not develop sensitization to L-Dopa treatment (white bars). Twenty eight-week old MitoPark mice developed a rapid sensitization to L-Dopa treatment (dark bars). After 2 weeks of chronic L-Dopa treatment ((C) 30 weeks old), MitoPark mice showed a significantly faster onset to L-Dopa treatment, as compared to the same cohort of mice after the first day of treatment (A). In addition, expression of sensitization as related to chronicity of L-Dopa treatment was more rapid and pronounced (both in onset and duration) in MitoPark mice starting L-Dopa treatment at 28 weeks of age as compared to MitoPark mice starting treatment at 20 weeks of age (Fig. 2) . 
and that this neuronal maladaptation plays a role in the expression of LIDs (Ding et al. 2011) . As cholinergic tone contributes to DA and glutamate release locally via presynaptic nicotinic receptors on DA and glutamatergic terminals, our data suggest changes in cholinergic neurotransmission may be involved in the development of motor complications. It will be important to dissect which of the neurotransmitter changes observed in this study contribute to the antiparkinsonian effects associated with L-Dopa treatment, and/or to the development of dyskinesias. We used HPLC measurement of DA and DOPAC to document the age related loss of dopaminergic projection in these mice. We did not carry out a more extensive characterization because, with respect to the nigrostriatal DA system, of previously published immunohistochemical studies, biochemical studies, cell counts, pharmacological studies and electrophysiological studies documenting the neurodegenerative events in MitoPark mice (Ekstrand et al. 2007; Galter et al. 2010; Gellhaar et al., 2015; Good et al. 2011) . The genetic nature of the model, leading to identical progressive loss of the DA system with time in all MitoPark mice, shows a correlation between the response to L-Dopa and the degree of degeneration, based on the age-related changes in the MitoPark DA system which are extensively documented in the studies cited above.
To conclude, we show that MitoPark mice develop a differential type of response to L-Dopa treatment depending 
Experimental procedure
Animals
All animal studies were conducted under National Institutes Health (NIH) Guidelines using the NIH handbook Animals in Research and were approved by the Institutional Animal Care and Use Committee (National Institute on Drug Abuse, Intramural Research Program, Baltimore, MD). The Tfam loxP (Ekstrand et al., 2007) line was mixed with the Slc6a3
Cre (Backman et al., 2006 ) to obtain regional knockout (Slc6a3 and Slc6a3
Cre primers as described elsewhere (Backman et al., 2006; Ekstrand et al., 2007) . Animals received pelleted food and water ad libitum. From 20 weeks of age, ground mouse chow was also supplied. Mice were sacrificed using CO2 inhalation at the end of the experimental procedures and tissue samples were collected after death was verified. b r a i n r e s e a r c h 1 6 1 8 ( 2 0 1 5 ) 2 6 1 -2 6 9 citric acid, 1.2 mM sodium EDTA, 1.2 mM sodium 1-heptane sulfonic acid, 10% methanol, pH 3.5) at flow rate 1.0 ml/min and a column temperature of 34 1C. 
HPLC analyses of DA and metabolites
Treatment regimen
L-Dopa, and benserazide hydrochloride (Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline. L-Dopa (10 mg/kg) was injected i.p. together with benserazide (5 mg/kg) to inhibit peripheral dopa decarboxylase. L-Dopa was injected twice a day (morning and late afternoon), except for weekends, when injections were given only in the morning. Daily L-Dopa treatment was initiated in two different cohorts of MitoPark mice and age-matched controls (n¼8 in each group) at 20 weeks of age (moderate DA loss), and 28 weeks of age (marked DA loss), respectively. 20-week old mice were treated with LDopa for a period of 10 weeks, until they were 30 weeks old. 28-week old mice were treated with L-Dopa for a period of 2 weeks, also until they were 30 weeks old. Behavioral analyses were performed weekly after initiation of L-Dopa treatment.
Locomotor behavior
Locomotor activity was recorded using activity chambers placed into analyzers, where activity was monitored through a grid of infrared light beams (Versamax, Accuscan instruments). Control and MitoPark mice were habituated (day 0) to the chambers and to the injection protocol prior to L-Dopa treatment. On day 0, control and Mitopark mice were placed in the locomotor activity chambers for a 1-h habituation period. Thereafter, animals received an i.p. saline injection and were placed back into the chamber for two additional hours. Behavioral recordings started at 20 weeks of age (moderate DA degeneration), or 28 weeks of age (severe dopamine degeneration) and continued every week, 
Quantification of L-Dopa induced dyskinesia
Animals were placed in a small transparent cylinder 60 min after treatment initiation with L-Dopa, as it coincided with maximal horizontal activity in 20-week old Mitopark mice, and was continued each week thereafter. Spontaneous activity was videotaped for 3 min and the middle 2 min were analyzed manually to quantify dyskinesias and L-Dopa induced motor abnormalities. Abnormal paw movements exhibited in the cylinder were scored as previously described (Ding et al., 2007) . Front paw dyskinesia was noted when mice stood on both hind paws, with both front paws moving repeatedly up and down along the surface of the cylinder wall. Hind paw touch was noted when mice stood on their hind paws and repeatedly touched the surface of the cylinder wall with one hind paw. Three paw dyskinesia was noted when mice stood on their hind paws close to the wall of the cylinder moving both front paws as noted above and repeatedly lifting the hind paws up and down in an alternating fashion while maintaining their weight on the other hind paw. A few MitoPark mice developed an abnormal rotational response to L-Dopa treatment, which increased over treatment time. This type of L-Dopa-induced uninterrupted rotational behavioral response was considered a motor complication induced by L-Dopa treatment. The sum of hind paw, three paw dyskinesia and abnormal rotational behavior were used to score total abnormal involuntary movements or L-Dopa induced dyskinesias (LIDs). Data are presented as the mean and standard error of the mean. Two-way analysis of variance with Bonferroni post hoc comparison was performed (measured points in both 20-and 28-week old groups, were compared to abnormal involuntary movements in 20-week old Mitopark mice chronically treated with L-Dopa for 1 week; see Fig. 4 
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